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The study is aimed at finding out the impacts of 
measurement precision, tolerance limits, processing and 
inspection time variation, process capability and inventory 
level on the unit cost of finished goods in a CONWIP 
system. It is found that the unit costs are sensitive to 
all these factors. There are also significant interactions 
among these five factors. For measurement precision, 
tolerance limits and inventory level, a consistent pattern 
emerges from both two-way interactions and three-way 
interactions. The unit costs are more sensitive to changes 
of one factor if the other factor(s) is/are at their less 
ideal states. When other factor(s) is/are at less ideal 
states, an improvement of the factor will bring a more 
striking result. On the contrast, if other factor(s) is/are 
at more ideal situations, deteriorate in a factor has a 
smaller impact. This result is a useful guideline for 
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During the last ten years, Just-In-Time (JIT) --- a 
typical example of pull systems has attracted 
considerable attention. Just-In-Time basically means 
producing the necessary units in the necessary quantities 
at the necessary time (Monden [1983]). With the realization 
of this idea, unnecessary raw materials, work-in-process 
and finished-goods inventory would be eliminated. 
Many manufacturers see JIT as just an inventory 
reduction program because JIT usually starts as a 
progressive inventory reduction program. Inventory, which 
wastes assets and masks solvable problems, is view by the 
Japanese as the roots of all evil. Reducing inventory would 
bring significant benefits because it reduces both interest 
costs and inventory carrying costs. Moreover, as high 
inventory levels usually mask up production inefficiencies, 
reducing inventory would bring these inefficiencies to the 
surface. Then, those problems can be identified and 
prevented. It is not surprising to note that inventory has 
been the focal point of many recent researches. Although 
many researchers and partitioners use the term "JIT", 
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"Kanban System" and “Pull System" interchangeably, kanban 
and various pull systems are just examples of the 
coordinating and signalling mechanism which facilitate the 
realization of JIT concept only. The philosophy of JIT can 
accommodate various types of inventory control strategy. 
r. 
Spearman et al offered an alternative to Kanban system 
Constant-Work-In-Process (CONWIP) (Spearman et al [1990]). 
In a CONWIP system, the raw materials incoming rate is set 
equal to the sum of output and disposal rate. As CONWIP is 
a relatively new inventory control strategy, a lot of 
issues relating to this strategy are worth further 
investigating. 
Obviously, the total JIT philosophy involves more than 
inventory control. Quality assurance, for example, is 
indispensable for any successful implementation of JIT. 
Quality problems affect, among many other things, 
schedules, lead time, and inventory levels. Real 
improvement in quality can improve the internal indicators 
of performance not usually associated with quality, such as 
level of work-in-process, throughput and equipment use. 
Inspection is one of the fundamental element of 
quality assurance program. Ultimately, it is the human 
inspector whp makes the decision, whether the inspector is 
performing unaided visual inspection, reading a gauge, or 
setting up and calibrating an automatic inspection device. 
• -
In all these applications, the inspection device will be 
subjected to error. Inspection error is a fact of life. 
Designing quality assurance programs that overlook 
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inspection error is attempting to • force the inspection 
system to perform an impossible task. 
There are two types of inspection attributes and 
variables. For attributes inspection, the inspector must 
classify each item of product inspected into two or more 
categories. For variables inspection, the inspector must 
take measurement of an individual product characteristic, 
such as dimension or resistance. One of the characteristics 
of a measurement process is variability. That is, repeated 
measurement of the same item results in a series of 
nonidentical numbers. As a result, one of the prime 
performance characteristics of any measurement process is 
its precision, that is, the degree of agreement among 
individual measurement of the same sample. Imprecision is 
one of the experimental factors in this study. 
The relationship between imprecision of the 
measurement process and product tolerance has been a 
concern. It is because precision/tolerance affect both the 
value and the cost of measurement. If this relationship is 
overlooked, one might be unaware of the excessively high 
risks in taking imprecise measurements. Or, on the other 
hand, waste valuable time, effort, and money to attain 
unnecessarily high level of perfection. In this study, 
tolerance limit is another experimental factor. 
Frank H. Squires said "Variability affects all mass 
production processes, and to disregard it is to court 
disaster". Quality variability is just one form of 
variability in a production system. Too often it is found 
that there are variations in quality characteristics, even 
for the most sophisticated designed system. Process 
capability, the inherent reproducibility of a product 
turned out by a process, is an important issue in studying 
inspection imprecision. It is because the effects of 
precision/tolerance ratio (also known as measurement 
capability) on the ability of an inspector to make correct 
inspection decision is undefined until the process 
L,, . 
capability is known. That is, the effects of measurement 
capability on the percentage of correct inspection decision 
remains unanswered until process capability is also known. ^  
Naturally, the process capability is one of the 
investigating foci in this study. Studies in quality 
inspection usually assume identical process capability for 
all stations. This study accommodates the situation that 
there are differences in process capability along a 
production line and this experimental factor is called 
process capability configuration. 
Although the importance of inventory control and the 
pervasiveness of measurement errors are widely recognized 
and discussed, few studies have been done to investigate 
the relationships among inventory levels, inspection 
imprecision,,process capability and tolerance limits in a 
CONWIP system. This study try to investigate the effects of 
If a process generates perfectly identical 
products, the probability of inspection error 
will depend only on the measurement capability. 
On the other hand, if the process generates non-
identical products, the probability of inspection 
error will depend on both process capability and 
measurement capability. 
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these factors. With the recognition of the possible effects 
of processing and inspections time variations in a CONWIP 
system, time variation is also included in the model. A 
simulation model will be built to explore the effects and 





Japanese success in production and operation 
management has a great influence on other manufacturers in 
the world. Two parallel paths are followed by many world 
class manufacturers. One is the Just-in-time path and the 
other is quality path (Schonberger [1986]). JIT was first 
introduced and developed by Toyota and is adopted by many 
companies. It is said to be a revolutionary production 
management system. Just-In-Time is basically means 
producing the necessary units in the necessary quantities 
at the necessary time. From design to ±%s delivery to the 
. I 
consumer, all activities are organized in such a way that 
it permits just-in-time movement of materials (Monden 
[1983]). “Zero inventory" is the goal of JIT path. The 
other parallel path to success is quality. Quality is 
fitness for use, meeting the customer‘s requirement, right 
the first time, reduction of quality variability, etc. 
Feigenbaum [1957] suggests total quality control (TQC): all 
departments of a company, including marketing, design, 
production, inspection and delivery must participate in TQC 
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activities. Quality comes to be thought of as a strategic 
weapon, a matter for daily attention. "Zero defect" is the 
goal of quality path. Although quality and JIT seems to be 
two separate paths at the very beginning, practical 
experiences and researches accumulated from the last ten 
years show that the two paths are complementary to each 
other. In fact, “quality at the source" is a key element of 
JIT. 
I 
JIT and Quality 
For the past ten years, JIT and quality have been 
intimately tied together. The connection between quality 
assurance and JIT was said to be “ one pea in a pod" 
(Schonberger [1986]). On one hand, quality assurance is 
indispensable for any successful implementation of JIT. In 
a JIT environment, it must assure that each process will 
supply only good unit to subsequent process. If a defective 
unit flows into subsequent process, the process will be 
disrupted. The Japanese approach of “quality at source" is 
an method to prevent a defective unit from passing to next 
operation (Krajewski and Ritzman,1990). On the other hand, 
variability in quality is one of the major reasons for 
buffer stock in a JIT system. Controlling quality 
variability opens 'the doors to a JIT improvement: cut 
buffer stock. In sum, quality improvement can enhances the 
implementation of JIT. 
JIT can be used as a tools to deal with quality 
problems. Research shows that scrape/rework/damage elements 
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of quality cost are linearly related to work-in-process 
(Schonberger [1986])• Therefore, JIT serves in attacking 
quality costs. On the other hand, in slashing lead times 
JIT creates a early warning system for quality problems 
(Schonberger [1986]). A survey of electronics manufacturers 
in Hong Kong shows that one-third of the respondents 
consider advanced warning of quality problems is the most 
beneficial factors of JIT (Cheng [1988]). Therefore, 
quality improvement and JIT are closely related and are 
complementary to each other. 
JIT and Inventory Control 
Implementations of the JIT philosophy have reported 
successful in improving the manufacturing system. The 
results of Just-in-time (JIT) implementation are shortened 
lead times, reduced inventory, reduced costs, increased 
market share, and increased profit (Crawford and Cox 
[1991])• Schonberger [1984] reported that reduction in 
manufacturing lead time of order of four-fifths to nine-
tenths was attainable. In a survey of implementation of JIT 
philosophy in the United States, the most significant 
benefit of JIT implementation reported is in inventory 
reduction. T)ie average of reduction was 41%. On the other 
hand, the average lead time reduction was 40% and product 
quality was estimated to have increased by 26%• (Crawford, 
Blackstone and Cox [1988]). 
JIT usually starts as a progressive inventory 
reduction program. Reducing inventory would bring 
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significant benefits because it reduces both interest costs 
and inventory carrying costs. Moreover, reducing inventory 
would bring the underlying problems to the surface they 
can be identified and prevented. It is not surprising to 
note that many manufacturers see JIT as just an inventory 
reduction program. 
Kanban and various pull systems (limited number of 
cards, containers spaces and so on) are well-known 
J . 
coordinating and signalling tools which facilitate the 
realization of JIT concept. The philosophy of JIT can 
accommodate various types of inventory control strategy. 
Good results are also possible by using other kinds of 
inventory control system. For example, people at a 
semi conductor wafer assembly plant near Paris found a 
simple way to cut lead time in half. The method is a daily 
meeting of supervisors of each centre. If an machine went 
down, the supervisor alerted the other supervisors in the 
next daily meeting. The policy was for the supervisors to 
slow down their production in their work centres 
(Schonberger [1986]). Spearman et al offered an alternative 
to Kanban system Constant-Work-In-Process (CONWIP) 
(Spearman et al [1990]). In fact, CONWIP is a hybrid 
push/pull control strategy. Under CONWIP, work cannot begin 
on a line until the line WIP has fallen below a specified 
level. Consider a system in which the total number of jobs 
is regulated by requiring each job to be accompanied by a 
"production card" • When both a card and suitable raw 
materials are available at the front of the line, the next 
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job specified by the "CONWIP backlog" is started. Unlike 
the traditional kanban system, CONWIP cards are not part 
number specific, so the backlog can consist of a changing 
product mix as well as short run of small lots. Also unlike 
. J . . 
kanban, in CONWIP work is ‘pushed‘ at all stations 
downstream from the front of the line. In this way a CONWIP 
line achieves the WIP limiting benefits of a kanban line 
without blocking and changing product mix problems that 
have limited the application of kanban (Hopp and Spearman 
[1991]). CONWIP has been found to be superior to push 
systems as material requirement planning in simulation 
studies (Spearman et ai [1990]). By assuming that the 
processing times are deterministic but machines are subject 
to exponential failure and repair, Hopp and Spearman model 
the CONWIP system as a closed queuing network and develop 
an approximate regenerative model (ARM) for estimating 
throughput and average cycle time as a function of WIP 
level. Through comparison with simulation, they show that 
approximate regenerative model gives better predictions 
than mean value analysis (MVA) in a range of realistic 
situation (Hopp and Spearman [1991]). On the other hand, a 
hierarchical control architecture using CONWIP as a means 
of shop floor control has been developed by Spearman et al 
(Spearman et al [1990]). This architecture is currently 
being implemented in a large circuit board plant of a major 
computer manufacturer in United States (Hopp and Spearman 
[1991]). 
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Inspection Imprecision, Tolerance Limits and Process 
Capability 
It is found that there are variations in quality 
characteristics, even for the most sophisticated designed 
system. If homogeneity of final products is required, 
inspection will be one of the fundamental element of any 
production system. Early models of inspection assume 
perfect inspections. Various models are developed for 
determining the optimal inspection design for different 
production systems. Outstanding examples of which are: the 
studies of Heightler and Mitten [1964], Lindsay and Bishop 
[1964], White. [1966], [1969], Britney [1972], Trippi 
[1975], etc. are under the framework of perfect inspection. 
Perfect inspection, however, is impossible to be 
realized in reality. Inspection tasks are not error free. 
On the contrary, these tasks are often error prone. Even 
under what may be considered ideal inspection conditions it 
is not uncommon to find extremely high error figures 
(Bennett [1975]). Inspection error is a fact of life. 
Designing quality assurance programs that overlook 
inspection error is attempting to force the inspection 
system to perform an impossible task. 
Drury [1982] classified two types of inspection 
attributes and variables. For attributes inspection, the 
inspector must classify each item of product inspected into 
two or more categories. The most usual categories are just 
two: accept or reject. There are two types of inspection 
error for attribute inspection. Accepting an nonconforming 
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item is called a type two error. Rejecting a conforming 
item is called a type one error. The conditional 
probabilities of committing these two types of errors are 
treated as the measures of inspection performance. Constant 
error probabilities are usually assumed. In particular, 
binomial distribution is commonly used (Dorris and Foote 
[1978]). A lot of researches have been conducted by 
modelling inspection error as attribute data. Collins et al 
[1978] discuss the effects of inspection error on quality 
assurance sampling plan as well as on cost consequences. 
Tang and Schneider [1987] investigate the economic and 
statistical effects of inspection error on complete 
inspection plan. In addition to constant error rate, 
variability in error rate is also the focus of some 
researches. Sinclair [1978] indicates that there can be 
considerable variability in inspection error. Ballou and 
Pazer [1982] develop a computer simulation program to 
analyze serial systems with inspection error. The authors 
examine the sensitivity of total cost to the various cost 
and error rate parameters of the model. The result shows 
that the impact of type one error is generally greater than 
type two error. However, the system is insensitive to the 
variability/in inspection performance. Menzefricke [1984] 
study a situation where there is variability in inspector 
error lot to lot, but no variability within each lot. The 
study shows that the operating characteristic (OC) curve 
for a given sampling plan can be quite sensitive to 
variability in type one and type two inspection error. 
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Moreover, minimal sample sizes for sampling plans given two 
points on the OC curve are particularly sensitive to the 
variability to type one inspection error. On the other 
hand, experimental studies of inspector performance have 
rather consistently found that the variability of error 
rates are related to the process fraction defective, p. 
From the inspector's view-point, this means that the 
likelihood of "catching" a defective item is dependent upon 
the frequency with which defective occur. 
When the quality characteristic of interest is 
measurable along some continuous scales, such as weight, 
length, temperature, voltage, etc., variables data arises. 
For variables inspection, the inspector must take 
measurement of an individual product characteristic. A 
characteristic of a measurement process is variability, 
that is, repeated measurement of the same item result in a 
series of nonidentical numbers. The distributions of both 
item-to-item and measurement-to-measurement variation tend 
to be reasonably unimodal and symmetrical and are often 
approximated by normal distributions. The mean value and 
the variances of the distribution are used to capture two 
types of inspection error. They are called by Mei et al 
"bias" and "imprecision" (Mei, Case and Schmidt [1975]). < 
Precision is the (degree of agreement among individual 
measurement of the same sample. Bias is the systematic 
difference between the average of repeated measurements of 
an accepted reference and the true value of the reference 
being measured. Bias shift the mean of the measurements and 
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imprecision increases the variability of measurements. If 
the distribution of the true quality value, X, has a mean 
value of jit and . If the inspection error is independent 
of the true quality value, the distribution of measured 
values, Y, when affected by an inspector bias(viE), and 
imprecision can be see to have a mean = Pt + Pe and 
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Although measurements of bias and imprecision are not 
often reported in the inspection literature because they 
tend to be specific to the product characteristic measured 
and to the instruments used for measurement, imprecision is 
a real problem (Drury [1982]). The degree of bias and 
precision depends on skill of the inspector, equipment 
used, method of inspection as well as many other factors. 
These factors can be physical environment or human nature. 
For example, the value judgement of inspector, room 
temperature, measurement equipment, etc. are the potential 
causes of bias and imprecision in measurement. 
It is found that replicated measurement can produce a 
better estimator of the true value of product quality. 
Jaraiedi et al [1987] present a model to determine the 
minimum number of times a lot must be subjected to 100% 
inspection in order to meet a desired outgoing quality 
goal. Chandra and Schall [1988] also report their study of 
optimum number of replication which minimizes the total 
cost of inspection. Tang and Schneider [1987] build an 
imperfect inspection model by using inspection imprecision. 
They study the effects of inspection imprecision on a 
complete inspection plan. Inspection imprecision is shown 
to have significant effects on the inspection limits, 
proportion of reworked items, total cost, and other plan-
characteristics . However, these effects become 
insignificant when measurement precision are high. Later, 
Tang and Schneider [1988] consider measurement precision 
level as a decision variable. It is assumed that quality 
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cost, rejection cost and inspection cost are linear 
function of the measurement precision level. By balancing 
the inspection cost and economic loss incurred by decision 
error, the optimal inspection precision level and the 
product tolerance limits of the complete inspection plan 
are determined. 
In line with the research of Tang and Schneider 
[1988], the relationship between imprecision and product 
tolerance has been a major concern. It is because precision 
and tolerance affect both the value and the cost of 
measurement. Literature has suggested using some rule such 
as "1/10", "1/5”， "1/2", etc. for the precision/tolerance 
ratio (Speitel [1982]). 
However, the effects of precision/tolerance (also 
known as measurement capability) on the ability of an 
inspector to make correct inspection decision ^ is still 
undefined until the process capability is known. For a 
given level of imprecision/tolerance ratio, the percentage 
of correct decision will be different if the process 
capability change. Both the variability and the position of 
the distribution of real quality value affect the 
percentage of correct decision. A simulation study on the 
combined effects of P/T ratio and process capability on the 
percentage of correct decision is provided by Speitel 
[1982]. If the process capability is on aim (i.e. the 
process mean coincides with the target value), the smaller 




the the higher the percentage of correct decision will 
be. In other words, the higher the homogeneity of product 
quality, the higher the ability of the inspector to make 
correct decision. If the process mean shifts away from the 
v:‘ 
target, given o\, the percentage of correct decision is 
negatively related to absolutely amount of the shift within 
acceptance region. The percentage of correct decision is 
the lowest when Pt equal to either of the tolerance limits. 
Outside the acceptance limits, the percentage of correct 
action is positively related to the absolute amount of the 
shift. 
Philosophy of Taguchi and Measurement Imprecision 
The merits of Genichi Taguchi‘s approach of 
experimental design to quality management are widely known 
——at least for the attention he has brought to this 
areas. Although Taguchi‘s loss function concept, capability 
index and off-line experiment methods are widely discussed 
and debated, relationship between Taguchi‘s approach and 
measurement imprecision has not been addressed. 
In accordance with total quality management, Genichi 
Taguchi combines engineering and statistics to reduce the 
natural variation by finding the level of the parameters 
e 
that will infuse ‘the least variation in the product and 
process. If the variation in the process is beyond the 
tolerable limit, the second activity is to experiment with 
various magnitudes of tolerance limits to determine which 
the factors contribute most to the variation in the end 
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product. The result of the second activity is providing 
information on which tolerances to tighten and which 
tolerances can be eased (Barker [1986]). It is the 
philosophy of Taguchi that all specifications of product 
and process parameters should be stated in t^rms of target 
vales and tolerances around these target values. "In Spec." 
is not the ultimate objective. It is because products whose 
parameters are barely inside the tolerance internal are 
likely to be of poor quality. The quality loss function 
proposed by Taguchi is a function of deviation from the 
target value, not just "In Spec." (Taguchi and Clausing 
[1990]). In line with this philosophy, Taguchi modify 
traditional capability index which express the process 
spread within specification to the whole actual process 
spread. With an eye on the target value, the Taguchi 
capability index address the issue of process centring. The 
modified capability index has the ability to assess the 
proximity to the target in addition to process variation 
(Boyles [1991]). 
A process characterized by a higher capability index 
will generate less defects and lower quality loss. If there 
is measurement imprecision, this process also characterized 
by higher percentage of correct inspection decision. In the 
discussion of measurement imprecision, it is found that the 
ability of inspector to make correct decision depends on 
precision/tolerance ratio and the process capability. If a 
process has a higher capability index, either by having 
less variations and/or wider the acceptable tolerance 
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limits, the ability of inspector to make correct decision 
will also be higher. 
Processing and Inspection Time Variations 
Variability is viewed as a vital enemy in a production 
system. Richard J. Schonberger said: "Variability is an 
universal enemy". Naturally, controlling this enemy is 
viewed as a way towards success. Taguchi offer one approach 
to deal with the quality variations. The basis of the 
Taguchi system is to help a product or process resist 
external and internal causes of variations. In reality, 
quality variation is just one form of variability in a 
production system. Processing and inspection time variation 
is another typical example of variability. In a CONWIP 
system, processing and inspection time variations is an 
important issues. When the level of WIP is held constat, 
inspection and processing time variations will have an 
important impact on the flow of the WIP along the 
production line. 
Research Objectives 
The study is aimed at finding out the impacts of 
measurement precision, tolerance limits, processing and 
inspection time variation, process capability configuration 
and inventory level on the unit cost of finished goods in 
a CONWIP system. It is intended to study whether unit costs 
are sensitive to these five factors. The experiments are 
I 香 港 中 文 大 學 圖 書 f g 殺 翥 I 
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also designed to identify the possible interactions among 
these five factors. 
Significance of the Research 
In relation to existing literature, this research has 
several novel features: 
1. Recognition of Variability in a Production System 
Variability exists in many form inside a manufacturing 
system. For instance, processing time, process quality, 
inspection time, measurement process etc. are typical 
variability in a production system. In this research, the 
processing time, inspection time, process quality as well 
as the measurement process are stochastic in nature. The 
incorporation of these variability make the production 
system in this study more realistic. 
2• Use of Flow Concepts to Model Imperfect Inspection 
Recent researchers have began to use flow concept to 
model quality problems. Time elements such as processing 
time is introduced into the models. The impact of 
inspection on the flow of a production system are 
recognized by a ntimber of authors (Tang [1991], Raghvachari 
and Tayi [1991], Hsu and Tapiero [1988], [1990]). However, 
these author assume perfect inspection. In their studies, 
the impact of inspection on the flow basically originated 
from the process capability of the system and the 
inspection time only. In the environment of imperfect 
21 
inspection, there is an additional channel. Given same 
process capability, different levels of inspection 
precision affect the flow differently. This research takes 
the impact of measurement precision on the flow of a system 
y 
into consideration. The cost function will capture the 
effects of inspection imprecision on the work-in-process 
(WIP) level. 
3. Accommodation of Different Process Capability 
Confiqurations 
Studies in quality inspection usually assume identical 
process capability for all stations. This study 
accommodates the situation that there are differences in 
process capability along a production line. It is an 
important issue because the research . findings will shed 
light on the questions such as sequencing the machines with 
different process capability. It also helps the planning of 
process design along a production line. 
4. Exploration of Possible Interactions Among Factors 
Under the umbrella of Just-In-Time (JIT), quality and 
inventory have been intimately and intensively discussed. 
However, to the best of my knowledge, it seems that no one 
( 
has attempted to explore the possible interactions among 
the five experimental factors in a CONWIP system. This 
research will explore these interactions. The relationship 
among these factors and the channels for their impacts on 
unit costs are shown in the following diagram. 
22 
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The results of this study will become a fruitful 
addition to the literature of JIT and quality management. 
They are also helpful to an understanding of a more 




A computer simulation model is developed to conduct 
experiments for evaluating the effects and the interactions 
(if any) of the five factors at different levels. The 
primary evaluation criterion is unit cost. The statements 
of hypothesis are presented next, followed by the structure 
of the simulation model, the performance measures, the 
specification of costs parameters and the factorial design. 
Hypothesis Statements 
Statements of hypotheses are listed in the followings: 
Hypothesis 1: The five factors, namely, measurement 
precision, processing and insf)ection time, tolerance 
limits, inventory level, and real quality distribution 
configurations are not significant factors in 
explaining the behaviour of cost. 
Hypothesis 2: The explanatory power of these five factors 
are the same. That is, in terms of impacts on unit 
cost, there is no significant differences among these 
factors. 
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Hypothesis 3: There are no significant high order 
interactions among these five factors. 
Simulation Model 
This study uses a five-stage production system with 
stochastic processing time, stochastic inspection time, 
stochastic quality level and stochastic measurement 
precision. The salient assumptions of the model are: 
1. The quality of incoming material is perfect. It is 
further assumed that one piece of finished goods needs one 
piece of material only. 
2. There is no re-work. That is, it impossible to repair 
a defects. 
3. It is assumed that quality upgrading does not occur, 
and hence a defective item remains defective. In other 
words, if an incoming material (or WIP) is defective, any 
processing works on the materials will not produce a good 
quality finished product. 
4. It is a constant-work-in process system. That is, the 
raw materials incoming rate is set equal to the sum of 
output and disposal rate. 
5. The quality characteristic of interest is measurable 
along a continuous scale. The real quality value, X, 
follows a normal distribution. X, has a mean value of iit and 
o V 
6. The distributions of measurement variations is assumed 
to be normal distributions. The mean value of the 
distribution (Pe) is assumed to be zero. The variance of the 
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distribution is c^ e. That is, the measurement process is 
characterized by zero bias but positive amount variability. 
7. The rejection decision is based on the observed value 
of the quality characteristic, Y. It is assumed that 
measurement imprecision is independent of the true quality 
value. Therefore, the distribution of measured values, Y, 
when affected by imprecision(o^e) # can be see to have a mean 
p = Pt + Pe and cj2 = + If Y is outside the tolerance 
limits, the WIP will be rejected and disposed. 
8. There is no machines breakdown. 
The structure of the CONWIP production system is 
depicted in following figure: 





When raw material enters stage one, it will be 
processed by a worker. If the worker is busy, the material 
V f 
will be placed in a^ queue until the worker is available. 
After processing, the material becomes a work-in-process 
(WIP). Then it moves to an inspection station. If the 
inspector is busy, it will wait at a queue. After 
inspection, a decision will be made: to accept or to reject 
it as good quality WIP. If it is rejected and disposed, a 
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new piece of material is released to stage one. If the WIP 
is accepted, the WIP will go to the next stage (even the 
item is defective). Further, if the WIP is accepted by the 
final stage, it will become a finished product. Another new 
piece of material is then released to stage one. By this 
mechanism, the overall inventory level of the system is 
. j -r 
kept constant. 
The cycle time of the model is 1 unit. Each simulation 
run lasts for a period of 400 time unit. Therefore, if the 
system runs perfectly, the maximum possible number of 
finished goods is 400 units. 
Performance Measures 
The performance measures of the system is the unit 
cost. The unit cost is equal to the total cost divided by 
the number of good quality finished product. Total cost is 
the sum of input material cost (MC), holding cost (HC), 
operating cost (OC), inspection cost (IC), and penalty cost 
(PC), minus salvage value (SV) of all rejected materials. 
Material cost is the number of released materials times the 
value of the materials. Holding cost is the number of WIP 
multiplied by the amount of time they spent in the system. 
Operating cost and inspection cost are based on number of 
workers and inspectors as well as the length of time they 
work. Penalty cost occurs when there is a bad quality 
finished product. Typically, penalty cost reflects the cost 
for warranty, repairing, replacement or loss of sales. 
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Salvage value is applied to all rejetted WIP (whether the 
WIP are defective or not). 
In equations form: 
Total Cost = MC + HC + OC + IC + PC - SV 
Unit Cost = (Total Cost) / (Number of Good Quality 
Finished Products) 
Specification of Cost Parameters 
The cost of incoming materials is assumed to be 1 
unit. The holding cost per time unit per piece of a 
material is assumed to be 0.05 unit. The operating cost per 
time unit per worker is assumed to be 0.1 unit. Inspection 
cost is assumed to be 0.1 unit per time unit per inspector. 
Penalty cost is assumed to be 5 unit per piece. Salvage 
value is assumed to be 0.5 unit per piece. It is natural 
that different industries will have different cost 
parameters. Nevertheless, the above cost parameters 
specifications are quite reasonable for many local 
industries. 
Factorial Design 
Except process capability configurations, which has 
three variants, all other four factors (inspection and 
process time, measurement precision, inventory level, and 
tolerance limits) are two levels. Therefore, there would be 
totally 48 experimental conditions. 
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Factor 1: The overall inventory level of the system 
The production system is a CONWIP system. The overall 
inventory level is kept constant. Two levels of overall 
inventory are investigated: 20 units and 80 units. 
Factor 2: The tolerance limits of the system 
There are two sets of tolerance limits. One of them is 
having tolerance limits of two sigma on either sides. If 
the real quality value follows a standard normal 
distribution, this tolerance limits will have five per cent 
of defects. The other set of tolerance limits is three 
Sigma on either sides. In that case, the same quality 
distribution will generates about 0.3 per cent of defects. 
r � . 
Factor 3: The level of measurement precision 
In this study, two levels of precision will be used. 
The high precise measurement process is described by a 
normal distribution with mean zero, and standard deviation 
of 0.25. While the less precise measurement process is 
described by a normal distribution with mean zero and 
standard deviation of 1, 
Factor 4: Processing and inspection time variation 
The average processing time and the average inspection 
time are assumed to be 1. Two distributions are used to 
describe processing time and inspection time, namely, 
exponential distribution and uniform distribution. In case 
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Of uniformly distributed processing time, the range is from 
0.5 to 1.5. 
Factor 5: The configurations of process capability 
There are three sets of process capability 
configurations: identical, ascending and descending. In 
V t 
case of identical process capability configuration, the 
process capability at each stage are identical. The 
distribution of real quality value (X) at all stages are 
standard normal• In the case of ascending process 
capability configuration, the standard deviation of real 
quality distribution of the five stages are: 1.5, 1.25, 1, 
0.75, 0.5. In other word the best quality capability 
process is located at the final stage and the highest 
quality capability process is located at the first stage. 
In case of descending quality capability configuration, the 
situation is just the reverse of the ascending 
configuration. The lowest quality capability process is 
located at the first stage and the highest quality 
capability process is located at the final stage. 
The experiment design is a 2 X 2 X 2 X 2 X 3 = 48 




In this study, there are five factors. Except 
configuration which has three levels, other factors have 
two levels. Therefore, there are 48 sets of experimental 
conditions. Each experiment was replicated for 30 times. 
Totally, 1,440 observations are generated by the simulation 
experiment. Table 4-1 shows the average costs for different 
settings. 
By looking at the table, several patterns can be 
observed. Firstly, high inventory systems have higher unit 
costs. The high inventory systems have almost twice the 
unit cost level of the low inventory systems. This result 
supports the JIT philosophy of reducing inventory. It is 
because, high inventory causes higher carrying cost. 
Secondly, 2 sigma systems also have higher unit costs than 
3 Sigma systems. This result is obvious because 3 sigma 
systems generate iess defects, and hence, lower material 
costs. Thirdly, low measurement precision systems also 
suffer higher unit cost than high precision systems. The 
reason is simply that low precision increase material costs 
and penalty costs. 
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UNIT COST Table 
Time Inve Prec Reje 
Conf i gurat i on 
Ident descen ascend 
expo low low 2 sig 8.30 9.78 8.41 
3 sig 4.40 4.87 4.47 
high 2 sig 4.89 5.90 5.03 
3 sig 3.98 4.26 4.06 
high low 2 sig 16.35 18.86 17.34 
3 sig 8.01 8.85 8.31 
high 2 sig 8.90 10.72 9.81 
3 sig 7.25 7.72 7.37 
unif low low 2 sig 7.37 8.38 7.94 
3 sig 3.58 3.92 3.75 
high 2 sig 4.08 4.77 4.52 
3 sig 3.18 3.40 3.29 
high low 2 sig 15.47 17.28 16.77 
3 sig 7.27 7.90 7.63 
high 2 sig 8.20 9.79 9.28 
3 sig 6.45 6.90 6.61 
expo: exponentially distributed processing time and 
inspection time 
unif: uniformly distributed processing time and 
inspection time 
inve: inventory level (low: 20, high: 80) 
prec: measurement precision level (low: s.d.=l, high: 
s.d.=0.25) 
reje: tolerance limits 
� 
ident: identical process capability configuration 
descen: descending process capability configuration 
ascend: ascending process capability configuration 
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Therefore, it is not surprising to observe that the 
worst system is the 2 sigma system with high inventory, and 
low measurement precision. The unit cost of such a system 
is higher than any other systems. On the other hand, the 
best system is the 3 sigma system with low inventory, and 
high measurement precision. The reasons are simple: high 
inventory lead to high carrying cost. Narrow tolerance 
limits (low process capability) and low precision push up 
both the material costs and penalty cost. 
On the contrary, differences among the three process 
capability configurations are not very large. Similarly, 
the differences between exponential distribution system and 
uniform distribution system are not large. 
In order to analyze the result in a more systematic 
way, analysis of variance (ANOVA) technique is used. The 
result is listed on the following table: 
ANALYSIS OF VARIANCE Table 4-2 
Sm n of ！ iean Signif Source of Variation Squares DF Square F of F 
Main Effects 19707, .855 6 3284, ‘643 11467, .804 .000 
REJE 6340, .016 1 6340, .016 22135, .151 .000 
INSP 3500, .370 1 3500, .370 12220, .983 .000 
INVE 9385, .012 1 9385, .012 32766, .267 .000 
TIME 253, .152 1 253, .152 883, .840 ,000 
CONF 
< 
229 .305 2 114, .653 400, .291 .000 
2-way Interactions ''3487, .782 14 249. 127 869, .788 .000 
REJE INSP 2095, .746 1 2095, .746 7316, .961 .000 
REJE INVE 823, .362 1 823, .362 2874. Ml .000 
REJE TIME. .383 1 .383 1, .339 .247 
REJE CONF 63, .688 2 31, .844 111. ,178 .000 
INSP INVE 463, .073 1 463, .073 1616. >747 • 000 
INSP -TIME .997 1 • ,997 3, 480 .062 
IHSP CONF 6 .309 2 3, .155 11. 013 .000 
INVE TIME .051 1 • .051 1 .179 .673 
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168 21.535 .000 
110 66.719 .000 
963 1008.869 •000 
890 3.107 .078 
441 1.539 • 215 
006 .022 ‘882 
946 13.779 .000 
563 8.947 .000 
132 .461 .497 
129 .450 .638 
763 2.666 .070 
042 .146 .865 
095 .333 .964 
209 .731 .393 
008 .029 ‘971 
163 .569 ‘566 
037 .128 .880 
117 .407 .665 
031 .108 .898 
031 .108 .898 
049 1745.842 ‘000 
286 
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The main effects of all experimental factors are 
highly significant (with alpha probability one-thousandth) 
in the ANOVA analysis. That is. Hypotheses 1 and Hypotheses � 
2 are not supported. In terms of F statistics, the most 
significant factor is inventory (F = 32,766). The second 
most significant factor is the tolerance limits 
(F = 22,135). The third one is the measurement precision 
(F = 12,220). On the other hand, time variation and 
configurations are having much lower F-value (they are: 883 
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and 400 respectively). Hypothesis 3 is also not supported. 
There are significant interactions among these five 
factors. For two-factor interactions, seven out of the ten 
combinations are highly significant. For three-factor 
interactions, only three combinations, namely, tolerance 
limits by measurement precision by inventory, tolerance 
limits by inventory by configuration, and tolerance limits 
by time by configuration are significant. There are no 
significant four-factor or five-factor interactions. 
Furthermore, there is a consistent picture coming out 
of the experiment the return from any system 
improvement depends on the state of other factors. When 
factors, are at their less ideal state, the unit cost is 
more sensitive to change in factor level. System 
improvement may include: investing in a more precise 
inspection method, a better product design (wide tolerance 
limits), a higher process capability machine (better 
quality machine), lower overall inventory level, system 
configuration, and smaller time variation production 
process,. The implication is that management should consider 
those factors simultaneously. The followings are the 
detailed discussion of the interactions effects. 
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TWO-FACTOR INTERACTIONS 
Precision by Tolerance Limits Interactions (Figure 4-3) 
Figure 4-3 shows the interactions between measurement 
precision and tolerance limits. It can be seen that an 
increase in measurement precision will enjoy a greater cost 
reduction if the tolerance limits are narrow (2 sigma). The 
same increase in measurement precision will bring about a 
much smaller cost reduction if the tolerance limits are 
wide (3 Sigma). On the other hand, a change from 2 sigma 
system to 3 sigma system will cut the unit costs more if 
the measurement precision is low. If the measurement 
precision is high, the same expansion an tolerance limits 
will cut the costs less. 
In sum, the unit costs of a 2 sigma system are more 
sensitive to a change in measurement precision. On the 
other hand, the unit costs are also more sensitive to the 
change in tolerance limits if the measurement precision is 
low. This interactions show that the unit costs are more 
sensitive to change in one factors if the other factors are 
at their relatively.less ideal state. At their less ideal 
state, an improvement in either factor can bring a dramatic 
result. An important implication stem from the interactions 
between these two factors. Management should take these two 
factors into consideration simultaneously. 
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Tolerance Limits by Inventory Interactions (Figure 4-4) 
Figure 4-4 shows the interactions between these two 
factors. If the tolerance limits are narrow (low process 
capability), reducing inventory would bring a greater 
amount of cost saving. If the tolerance limits are wide (3 
Sigma), a decrease in inventory level would enjoy a much 
smaller amount of cost saving. On the other hand, widening 
the tolerance limits (e.g. through a better product design) 
would enjoy a greater amount of cost reduction if the 
inventory level is high. If the inventory level is low, the 
same changes in tolerance limits would enjoy a smaller 
amount of cost reduction. Again, the unit costs are more 
sensitive to change in one factors if the other factors is 
at its relatively less ideal state. If one of them is in a 
less ideal condition, any improvement in the other factor 
is more significant. 
Under the philosophy of JIT, inventory reduction and 
quality problems have been intensively discussed. The 
implication of this interaction is: the benefit of a 
inventory reduction program is related to tolerance limits 
of a production system. The benefit of changing the 
acceptable specification limits by product design is also 
related to inventory level. Management must be careful when ‘• 
cutting inventory or changing specification. Inventory 
level and tolerance limits have to be considered at the 
same time. This result also has some implications to the 
benefit of Taguchi‘s tolerance design. 
The interactions between process capability 
configurations and tolerance limits are illustrated in 
Figure 4-5. A widening of tolerance limits will bring the 
greatest amount of cost reduction to descending 
configuration. The same widening of tolerance limits will 
bring the least benefit to an identical configuration. On 
the other hand, if the tolerance limits are wide (left 
portion of the Figure), the differences among the three 
configurations are smaller. If the tolerance limits are 
narrow (right portion of the Figure), the differences among 
the three configurations will be larger. That is, the unit 
costs are more sensitive to change in process capability 
configuration when the tolerance limits are narrower. The 
implication drawn here is that the amount of cost reduction 
resulted from a widening of tolerance limits is different 
for different process capability configurations. 
Precision by Inventory Interactions (Figure 4-6) 
The interactions between measurement precision and 
inventory level are shown in Figure 4-6. If measurement 
precision is low, a decrease in inventory level will result 
in a larger amount of cost saving. If the measurement 
precision is high, the same decrease in inventory level 
will result in a smaller amount of cost saving. On the 
other hand, the unit costs will be more sensitive to 
changes in measurement precision if the overall inventory 
level is high. In other words, if the overall inventory is 
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high, an increase in precision will bring a larger amount 
of cost saving. The findings are consistent with above 
interactions and shows that if one of factors is in a less 
ideal condition, any improvement in the other factor will 
be more significant. 
Precision by Configuration Interactions (Figure 4-7) 
By F-statistics, the interactions are significant 
(F 二 11.01). An increase in measurement precision would 
bring the most benefit to a descending configuration. The 
same increase in measurement precision would bring the 
least benefit to an identical configuration. On the other 
hand, the unit costs are more sensitive to changes in 
.I 
configurations if the measurement precision is low. 
Inventory by Configuration Interactions (Figure 4-8) 
Figure 4-8 shows the interaction between inventory and 
process capability. A decrease in inventory can bring the 
most benefit to a descending configuration, while an 
identical configuration will enjoy the least benefit. On 
the other hand, if inventory level is high, the unit costs 
are more sensitive to change in quality capability 
configurations. 
‘ H 
It is worth noting that the interactions of process 
capability configurations with tolerance limits, 
measurement precision inventory level are parallel to each 
others. In all cases, the unit costs of descending 
configuration are the most sensitive one and the unit costs 
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of identical configuration is the least sensitive one. On 
the other hand, the unit costs are less sensitive to 
changes in configuration if the other factors are 
relatively more ideal (i.e. wider tolerance limits, high 
measurement precision and low inventory level 
respectively). 
Processing Time by Configuration Interactions (Figure 4-9) 
Reducing processing and inspection time variations.can 
lower the cost of the system. If there is a change of 
processing and inspection time from exponential 
distribution to uniform distribution, descending 
configuration would enjoy the greatest cost reduction. On 
the other hand, an ascending configuration would enjoy the 
least cost reduction. For a change from a descending to an 
ascending configuration, the unit costs would decrease more 
if processing and inspection time is uniformly distributed. 
For a change form an identical to an ascending 
configuration, however, the unit costs would decrease more 
if the processing time is exponentially distributed. 
After discussing all two-way interactions relating to 
process capability configurations, conclusions can be 
drawn. When choosing a configuration, many other factors 
need to be traced. It is because "configurations" interacts 
with "tolerance limits", "precision", “inventory" and "time 
variations". Moreover, when "tolerance limits", 
"precision", and “ inventory" are at their less ideal 
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conditions, differences among configurations are greater. 
That means the choice of configuration is more important. 
From the above discussion, it is also found that 
"tolerance limits" interacts with "precision" and 
"inventory". Moreover, "configurations" interacts with 
"tolerance limits", "precision", "inventory" and "time 
variations". Hence, two-way interactions are not able to 
show the complete picture. The discussion on higher order 




Tolerance Limits by Precision by Inventory Interactions 
(Figure 4-10) 
In terms of F-statistics, this is the strongest three-
way interactions (F == 1008). For a change of tolerance 
limits, the unit costs are the most sensitive if inventory 
is high and measurement precision is low. The unit costs 
are the least sensitive if inventory is low and measurement 
precision is high. 
For a change in inventory, the unit costs are the most 
sensitive if measurement precision is low and tolerance 
limits are narrow. For a similar change in inventory, the 
unit costs are the least sensitive if measurement precision 
is high and tolerance limits are wide. 
Similarly, for a change in measurement precision, the 
unit costs are the most sensitive if tolerance limits are 
narrow and inventory is high. For a similar change in 
measurement precision, the unit costs are the least 
sensitive if tolerance limits are wide and inventory is 
low. ‘ 
A pattern emerges here --- the unit costs are more 
sensitive to changes of one factor if the other two factors 
are at their less ideal states. When any two factors are at 
the less ideal states, an improvement of the third factor 
condition will bring a striking result. On the contrast, if 
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any two of the factors are at their ideal situations, 
‘、 , 
deteriorate in the third factor position has little effect. 
In the two-way interactions, a similar pattern can be 
found. This result is a useful guideline for management to 
make investment decisions in any improvement. 
Tolerance limits by Precision by Confiquration Interactions 
(Figure 4-11) 
The three-way interactions among tolerance limits, 
precision level and process capability configuration is 
illustrated in Figure 4-11. In a wide tolerance limits 
environment, the differences between different measurement 
precision, for three types of configurations, are 
relatively small (shown by the relatively flat slope of the 
three curves). Moreover, the differences between different 
configurations under two different levels of measurement 
precision are also small (shown by the relatively shorter 
distance between the three curves). In a 3 sigraa 
environment, it seems that measurement precision and 
configurations are not very important. However, as the 
tolerance limits get narrower (left portion of the Figure), 
the differences between different measurement precision, 
for three types of configurations, are larger (shown by the 
relatively steeper slope of the three curves). Moreover, 
the differences among different configurations under two 
different levels of measurement precision also become 
larger (shown by the relatively longer distance between the 
three curves). 
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The Figure also shows that identical configuration 
consistently outperform other configurations. In response 
to changes in tolerance limits and measurement precision, 
the unit cost of an identical configuration is the least 
sensitive one (shown by the relatively flatter slope of the 
curve). 
In sum, when tolerance limits are narrow, the unit 
cost is more sensitive to changes in configurations as well 
as measurement precision. On the other hand, identical 
configuration enjoys a lower unit cost as well as less 
sensitive to changes in measurement precision and tolerance 
limits. The implication is that for a process characterized 
by unavoidable fluctuating measurement precision, identical 
configuration is preferable to the other two 
configurations. It is because the identical configuration 
not only enjoy the lowest unit costs, it is also the least 
sensitive to these unavoidable fluctuations. This may give 
some idea for management in designing a process 
configuration. 
Tolerance Limits by Processing Time by Configuration 
Interactions (Figure 4-12) 
Figure 4-12 shows the three-way interactions among 
tolerance；limits, processing and inspection time variations 
and configuration. Among three configurations, the 
ascending configuration is the least sensitive to changes 
in processing time variation for both sets of tolerance 
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limits (shown by the relatively flat slope on the right and 
left portion of the Figure). On the other hand, descending 
configuration is the most sensitive configuration (shown by 
relatively steeper slope on the right and. left portion of 
the Figure). Except ascending configuration, the unit costs 
are more sensitive to changes in time variations in a 
•丨.、• ‘ 
narrow tolerance limits environment (shown by relatively 
steeper of the curves in the left portion of the Figure). 
For ascending configuration, the unit costs are more 
sensitive to changes in time variation if tolerance limits 
are wide (shown by relatively steeper of the curve for 
ascending configuration in the right portion of the 
Figure). 
Except ascending configuration, the sensitivity of 
unit costs to changes in tolerance limits will be greater 
if processing and inspection time is exponent i a11y 
distributed. When processing and inspection time are 
uniformly distributed, the sensitivity of unit costs to 
changes in tolerance limits will be smaller. However, the 
unit cost of an ascending configuration to changes in 
tolerance limits are more sensitive if the processing and 
inspection time is uniformly distributed. 
To conclude, . the three-way interactions among ‘ ‘ 
tolerance limits, time variation and configuration are less 
systematic than the three-way interactions among tolerance 
limits, measurement precision and configurations. Ascending 
configuration is the least sensitive system and its 
丨 ： 郷 b 膠 , > 
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sensitivity to changes in processing time and tolerance 




This study shows that the unit costs of finished goods 
are sensitive to change in the following factors level: 
measurement precision, tolerance limits, processing and 
inspection time variation, process capability configuration 
and inventory level. There are also significant 
interactions among these five factors. 
For measurement precision, tolerance limits and 
inventory level, a consistent general pattern emerges from 
both two-way interactions and three-way interactions. The 
unit costs are more sensitive to changes of one factor if 
the other factor(s) is/are at their less ideal states. When 
other factor(s) is/are at less ideal states, an improvement 
of the factor will bring a more striking result. On the 
contrast, if other factor(s) is/are at more ideal 
situations/ deteriorate in a factor has a smaller impact. 
This result is a useful guideline for management to 
make investment decisions, especially in improving or 
designing a production system. When investing in any system 
improvement, management should consider the state of other 
interdependent factors. A less ideal system is more 
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sensitive to change in other factor level. A more dramatic 
result could be expected from improving a less ideal 
system. On the other hand, it does not hurt much to down 
grade (in one area or so) a close to perfect system. 
On the other hand, this study shows that reducing 
processing and inspection time variation can reduce unit 
costs in a CONWIP system. This study also shows that the 
identical process capability configuration enjoys the 
lowest unit costs while the descending process 
configuration incurs the highest unit costs. Although it 
cannot be concluded from the finding that identical 
configuration is the best design of all, identical design 
is better than the other two configurations. It is less 
sensitive to change in other factors level, and it is 
having lower unit cost than the other two. 
RECOMMENDATION FOR FURTHER RESEARCH 
There are many issues worth further investigating. The 
findings of this study can be made more robust by 
experimenting with other cost parameters. In order to 
explore the possible nonlinear relationship among the - � 
factors, it is also desirable to consider factors such as 
inventory, measurement imprecision etc. at three or more 
levels. The study can be extended to the case where rework 
is allowed. Non-identical inspectors along the production 
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